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Abstract—This paper presents a fully-integrated semicircular
canal processor for an implantable vestibular prosthesis. The
system includes the entire processing chain required from the
microsensor interface, through the required biomimetic transfer
characteristics, to a current-mode signal, suitable for feeding
the stimulator. Using a switched-capacitor implementation, the
circuit is inherently tunable, whilst maintaining low power
operation and overcoming the need for off-chip components. The
entire system core occupies an area of 0.23mm2 in a commercially
available 0.35µm CMOS technology.
Index Terms—semicircular canal, vestibular prosthesis,
switched-capacitor filter, analogue signal processing
I. INTRODUCTION
Restoring the sensation of inertia in individuals with
balance-related impairments is achievable through develop-
ment of an artificial vestibular prosthesis, based on the
cochlear implant paradigm. The inner ear’s vestibular system
provides cues about self-motion and help stabilise vision dur-
ing movement. Damage to this system can result in dizziness,
imbalance, blurred vision and instability in locomotion, a lead-
ing cause of death in the elderly. Restoration of balance can
therefore be achieved by bypassing a dysfunctional element in
the vestibular pathway using artificial stimulation.
A vestibular prosthesis would incorporate miniature
(MEMS-based) inertia sensors, suitable sensor interfacing
circuits [1], a semicircular canal processor and stimulation
driver [2]. In the implementation, only the semicircular canal
processor requires a custom design specific to the vestibular
prosthesis. In comparison, a recent trend that has emerged in
cochlear prostheses, is the aim to implement the entire system
on a single chip, including custom analogue signal processors
[3]. Research in developing artificial vestibular prostheses
has also gained much momentum, including several groups
implementing the semicircular canal dynamics in different
ways. For instance, Ciavella et al. [4] have developed a
bio-mechanical model of the vestibular system to support
related prosthesis research. Shkel et al. [5] have implemented
a discrete semicircular canal processor whereas Gong et al.
[6] and Santina et al. [7] have chosen to implement a micro-
controller based processor.
This work [1], [2] aims to implement a custom hardware
solution to achieve a single chip semicircular canal processor.
Methodologies to implement custom transfer functions in
integrated analogue hardware, include current-mode process-
ing (log-domain and Gm-C) [8] and sampled-data techniques
(switched-capacitor [9] and switched-current [10]). A major
challenge when implementing such biomimetic algorithms in
analogue hardware, typically is the requirement for functions
with long-time constants. This inherently demands large ca-
pacitors that does not allow for compact implementation. To
overcome this, we have chosen to use a switched-capacitor
technique as transfer function time-constants are directly pro-
portional to the clock frequency. This paper therefore de-
scribes a fully-integrated switched capacitor implementation to
replicate the semicircular canal dynamics of the physiological
vestibular organ. The paper is organised as follows: Section II
describes the vestibular physiology and target transfer dynam-
ics, Section III describes the system architecture and circuit
implementation, Section IV presents simulated results, and
finally Section V provides a short conclusion.
II. THE PHYSIOLOGICAL SEMICIRCULAR CANAL
The inner ear constitutes two sub-organs, the cochlear and
the vestibule, responsible for transducing sound and inertia
to the vestibulocochlear (VIII) nerve respectively. In turn, the
vestibular system contains three semicircular canals in each
ear, approximately orthogonal to each other to sense motion
in the three axes. The semicircular canals are fluid filled
membranes that form about two-thirds of a circle with one
end feeding from a reservoir of fluid and the other terminating
at a bulb like structure, the ampulla. Inside this exists a
membrane containing blood vessels and nerve fibres reaching
the sensory receptor area. Hair cells are located on the surface
with their cilia (hair like structures) protruding into the centre
of the ’bulb’ volume. As the head moves, the fluid in each
semicircular canal, is free to move along the cylindrical cavity.
This in turn exerts a force via the bulb-like membrane; which
deflects in the direction of the force essentially acting as a
coupler, transmitting the mechanical energy to the hair cells,
and thus leading to the production of action potentials.
In all mammals, rotational velocity over a relatively broad
range of frequencies is encoded by the regular neurons in-
nervating the semicircular canals. At intermediate frequencies
(between 0.05Hz and 5 Hz) the semicircular canals act like ve-
locity sensors. At lower frequencies, with a cut-off frequency
between 0.025 and 0.05 Hz (corresponding to a time constant
between approximately 6 and 3 seconds, respectively), the
high-pass filter characteristics of the canals become evident.
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Fig. 1. Top level system architecture of the semicircular canal processor. This interfaces to a capacitive microsensor to produce a proportional voltage. This
is fed through the switched-capacitor filter which implements the biomimetic transfer function. The output is then converted to a suitable reference current to
drive the electrical stimulation driver.
The afferent neurons have a resting discharge which varies
from a few to over 200 spikes/s.
These biomechanics can be described by a damped oscilla-
tor [11], i.e. based on a pendulum model. If the deflection
of the cupula is defined with the angle θ, and the head
velocity with q˙, the cupula deflection can be shown to be
approximately:
θ(s) =
αs
(τ1s+ 1)(τ2s+ 1)
q˙(s) (1)
Where α is a proportionality factor, s corresponds to the fre-
quency and the time constants τ1 and τ2 define the pendulum
dynamics.
Furthermore, by additionally considering the spike gener-
ation dynamics to a linear approximation, the relationship
between input angular acceleration and change in (hair cell)
output pulse rate is described by:
H(s) =
τAs
1 + τAs
· 1 + τLs
(1 + τ1s)(1 + τ2s)
(2)
Where H(s) is the output pulse rate, τA represents the neural
adaptivity, τL is the dynamical-electrical time constant, and τ1
and τ2 are defined as in Eqn. 1.
From animal experiments (squirrel monkey) [12], the time
constants τ1, τ2, τA and τL have been determined to be
approximately 3ms, 6s, 80s and 49ms respectively.
III. SYSTEM ARCHITECTURE AND CIRCUIT
IMPLEMENTATION
The top level system architecture of the system implemented
is shown in Fig. 1. The subsections that follow describe the
circuit implementation of various blocks shown in the system
architecture.
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Fig. 2. Circuit schematic of the capacitive microsensor interface cir-
cuit based on a switched-capacitor charge integrator. Feedback capacitor is
chosen to be 0.5C0. All switches implemented as transmission gates with
W/L=1µm/0.5µm.
A. Capacitive Microsensor Interface
The input stage of the semicircular canal processor inter-
faces to a capacitive microsensor, to provide the inertia input
to the system. The circuit schematic for this sensor interface
is shown in Fig. 2. This consists of a switched capacitor
charge integrator to measure a differential capacitance in the
range 0-10pF, with 50fF target resolution. The circuit operates
as follows: During φ1, the output capacitor is reset and
differential voltage applied across the input capacitors. During
φ2, the differential voltage applied across input capacitors is
inverted and the differential charge difference is converted
to a voltage across the op-amp feedback capacitor (CFB).
The input/output characteristics (i.e. capacitance to voltage
relationship) is given by:
Vout =
Vref ·∆C
CFB
(3)
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Fig. 3. Circuit schematic of the switched capacitor filter for implementing the semicircular canal transfer function. This is implemented as a cascade of
four sub-blocks, including high-pass, gain, low-pass and sample/hold stages (shown from left to right). The circuit requires two clock phases that are non-
overlapping. Relative capacitances are as follows: C1=250, C2=1, C3=C4=2, C5=85, C6=40, C7=1, C8=C9=C10=5, C11=5. The unit capacitance, Cmin
is 100fF.
B. Switched Capacitor Filter
The circuit schematic for the switched capacitor filter is
shown in Fig. 3. This consists of a four op-amp cascade of
switched capacitor filter stages.
Firstly, a high-pass characteristic with the lower frequency
features (including two zero’s and one pole) is implemented
adopting the Nagaraj technique [13] to achieve a wide spread
in pole/zero frequencies, i.e. (ratio of Fclk to Fz and Fp). The
transfer function for this stage is given by:
H1(s) ≈ −C1
C3
· 1 + C1C3s
1 +
[
1 + C4C5
]
C5
C4
C5
C3
s
(4)
The second stage then implements a basic switched capac-
itor (inverting) gain stage with transfer function: H2(s) =
−C6/C7 and third stage realises a low pass (single pole)
operation with transfer function:
H3(s) = −C8
C9
· 1
1 + C10C9·fclk s
(5)
Finally, the filter is terminated using a sample and hold
buffer. The circuit schematic for the operational amplifier used
within all the switched capacitor circuits is shown in Fig. 4.
C. Voltage to Current Converter
The output stage of this processor is required to provide a
current output to feed the electrical stimulation subsystem of
the vestibular prosthesis. The circuit schematic for a linear V
to I converter is shown in Fig. 5. This uses an input resistor
to translate the input voltage to the feedback current. Addi-
tionally, an output scaled current mirror is used to minimise
power consumption. The transconductance is given by:
Iout =
W/L(Q10)
W/L(Q9)
× (Vin − Vbias)
R1
= κ(Vin − Vbias) (6)
Where: κ=20µS (for R1=500KΩ and (W/L)(Q10/Q9)=10)
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Fig. 4. Circuit schematic of the operational amplifier used for the switched
capacitor buffers. Requires an input bias current of 500nA. The compensated
amplifier has an open loop DC gain of 102.6dB, a unity gain bandwidth of
735kHz and phase margin 69.2o.
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Fig. 5. Circuit schematic of the op-amp based transconductance amplifier
(i.e. voltage to current converter). Requires an input bias current of 500nA.
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Fig. 6. Simulated frequency response of the semicircular canal processor.
Shown is the gain and phase (bode) plots illustrating the implemented transfer
function characteristics (3 poles, 2 zero’s). The peaks visible at 10kHz are
due to the switched-capacitor system clock.
IV. SIMULATION RESULTS
The circuit was simulated using the Cadence Spectre
(5.1.41) simulator with foundry supplied BSIM3v3 models.
Periodic Steady State (PSS) and Periodic AC (PAC) analysis
were used to simulate the response of the switched capacitor
filter. The results showing the transfer function, are presented
in Fig. 6. The static current consumption is 14.8µA drawn
from a 3.3V supply.
V. CONCLUSION
In this paper we have presented the design of an integrated
circuit for achieving similar transfer characteristics to the
semicircular canal within the vestibular organ in the inner ear.
This system includes the sensor interface for connection to a
capacitive MEMS-based inertia sensor, a switched capacitor
filter cascade for achieving a biomimetic transfer function
and a voltage to current converter to feed the stimulation
driver. We have focused on achieving low power operation
with good reliability and robustness, whilst additionally being
tunable. Moreover, a fully-integrated implementation alleviates
the need for off-chip components. A test platform is currently
being developed to measure the integrated circuit’s perfor-
mance. The microphotograph and floorplan of the fabricated
circuit is shown in Fig. 7.
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